ince its discovery more than a decade ago, H3K4 methylation has become synonymous with transcription. We only now have begun to realize that the distinct states of H3K4 methylation have unique distributions and specialized roles in other chromatin-related processes. Here, I discuss recent findings addressing their regulation and functions.
Introduction
Chromatin, the nucleoprotein structure protecting eukaryotic genomes, impedes the access of proteins to DNA during processes like transcription, replication, recombination and repair. The fundamental repeating unit of chromatin is the nucleosome core particle, which consists of 146 bp of DNA wrapped around an octamer of two copies of each histone, H2A, H2B, H3 and H4. Cells possess an array of conserved multiprotein complexes that posttranslationally modify histones or incorporate variant histones to regulate access to the DNA. 1, 2 Many chromatin changes are functionally interconnected and are believed to establish an intricately balanced 'histone code'. 3 Central for the regulation of the histone code are so-called 'effector' domains that target associated chromatin modifiers to premodified nucleosomes. These effectors connect certain posttranslational modifications (PTMs) with others that are introduced by associated factors. One example is the methylation of histone H3 at lysine 4 (H3K4), which is in general implicated in transcription. The epsilon amino group of H3K4 can be mono-(H3K4me1), di-(H3K4me2) or trimethylated (H3K4me3). Although H3K4 methylation is a universal mark for nucleosomes Histone H3 lysine 4 methylation revisited Thomas Kusch Department of Molecular Biology and Biochemistry; Rutgers; The State University of New Jersey; Nelson Laboratories A233; Piscataway, NJ USA near the transcription start sites (TSS) of expressed genes in all eukaryotes, more recent studies suggest that H3K4me1, H3K4me2 and H3K4me3 have specific roles in chromatin and might be targeted by different effectors and associated modifiers. While both methyltransferases and demethylases of H3K4 have been extensively studied, it is still unclear how they contribute to the differential methylation states of H3K4. Here, I will discuss recent findings from our and other laboratories addressing these important issues.
Distributions of H3 lysine 4 mono-, di-and trimethylation. Genome-wide distribution studies by chromatin immunoprecipitation and microarray analysis (ChIP/chip) revealed that H3K4me3 is found in nucleosomes near the transcription start sites (TSS) of expressed genes in all eukaryotes. 1, 4 These nucleosomes also contain, to variable extents, H3K4me2, and H3K4me1-presumably due to partial methylation of H3K4. In addition, H3K4me2 is found in nucleosomes further downstream in the body of genes, while H3K4me1 is prevalent in their 3' regions. 1 More recent ChIP/high-throughput sequencing studies (ChIP/seq) addressed whether H3K4me1 is also present in nontranscribed regions in the fly and mammalian genomes. This work revealed that developmental enhancers of these organisms are in general enriched for H3K4me1, while H3K4me2 or H3K4me3 are underrepresented or lacking. [5] [6] [7] Work on H3K4me2 was less conclusive since most commercial antiH3K4me2 antisera exhibit substantial cross-reactivity to H3K4me3 and H3K4me1. Nevertheless, some studies mapped H3K4me2 to silent hematopoietic genes in mammalian blood stem specialized roles in developmental gene regulation.
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Functional diversification among H3K4 methyltransferases in higher eukaryotes. The identification of two human Set1 complexes with structural similarity to the yeast COMPASS (Complex Proteins Associated with Set1) complex raised questions about the contribution of Set1 vs. Trx/MLL-type KMT2s to global H3K4 methylation in metazoans.
14 Moreover, the discovery of a second, Trithorax-related protein (Trr) in flies and three more MLL-like proteins from mammals suggested a functional diversification among Trx/ MLL-relatives. 13 This is supported by phylogenetic comparisons indicating that KMT2s fall into three distinct subfamilies (Fig. 1A) . 11 The first group consists of the highly conserved Set1 proteins. The MLL-relatives can be further subdivided into the Trx/MLL1/-2 subgroup and the Trr/Mll3/4 branch (Fig. 1A) . Evidence for a specialization among these proteins was provided by genome-wide distribution studies on MLL1 showing that this factor only targets less than 3% of all expressed genes. 13 Since a functional dissection of all six KMT2s in mammalian cells is technically extremely challenging, it is still unclear whether Set1-and Mll-relatives from mammals have unique functions or redundant roles.
Our discovery of a single-copy gene coding for fly Set1 made Drosophila ideal for such studies. 11 These studies revealed that the fly and human COMPASS complexes are identically composed, indicating a high degree of conservation. Similar observations were made for the Trx and Trr complexes from flies, which-as far as characterized-also appear assemble into complexes similar to their human counterparts. 15 With the identification of dSet1, we also were able to systematically assess the contribution of each of the three KMT2s to differential H3K4 methylation. 11 These studies revealed that dSet1 was required for global H3K4me2 and H3K4me3. Surprisingly, Trr was mainly responsible for H3K4me1, while the loss of Trx had no major effect on H3K4me1-3. Considering that H3K4me1 is enriched at developmental enhancers, our data identified somewhat unexpected considering the otherwise conserved distributions of H3K4me1 vs. H3K4me3 in both vertebrates and invertebrates. Substantial differences between the distributions of H3K4me3 and H3K4me2 are detectable using competitive ChIP (cCHIP), which was developed by us. 11 In this method, synthetic H3K4-methylated peptides are added to the primary antibody to prevent cross-reactive IgGs from binding to chromatin. Using competitive immunofluorescence microscopy (cIFM), we were able to detect regions that exclusively contain H3K4me1, H3K4me2 or H3K4me3 on polytene chromosomes. Due to the relatively low resolution of the microscopic pictures, differences in the chromosomal banding patterns are likely to correspond to domains of up to several hundred kilobases. This supports that all three H3K4 methylation states have unique functions in higher eukaryotes. Despite their presence at developmentally regulated genes and other specialized chromosome regions, it is still unclear how these domains are generated. As outlined in the following, preliminary evidence supports that both methyltransferases as well as demethylases might be involved in their formation.
Histone H4K4 methyltransferases. The enzymes implicated in bulk methylation of H3K4 constitute the type 2 lysine methyltransferase (KMT2) family (reviewed in ref. 10; Fig. 1A) . The three prototypic members of this family are fly Trithorax (Trx), human Mixed Lineage Leukemia 1 (MLL1) and yeast Set1. All three proteins share homology in their C-terminal SET domains, which later were identified as histone methyltransferase domains. Apart from their SET domains, Trx and MLL1 are structurally rather distinct from Set1 (Fig. 1B) . Despite these differences, all three proteins were considered for nearly a decade as main H3K4 trimethyltransferases with global roles in transcription. 12 The major reason was that yeast does not possess any MLL/Trx-type KMT2s, while flies and mammals appeared to lack Set1-relatives. More recent studies revealed that Set1-relatives have a major role in H3K4 methylation at promoters, while MLL/ Trx-type proteins appear to have acquired cells, kinetochores, and other specialized chromatin regions. 8, 9 In flies, H3K4me2 was only found in domains that were also enriched for H3K4me3, 10 which is like Drosophila should provide critical working hypotheses for studies in mammals (Fig. 1) . Of particular value will be the proteomic dissection of complexes that exclusively contain the N-vs. C-terminal fragments of these proteins. Differential H3K4 demethylation is regulated by two distinct classes of enzymes. Apart from the potential limited methylation of H3K4 by KMTs like Trr, partially methylated H3K4 could also be generated by lysine demethylases (KDMs). In fact, metazoans possess two classes of H3K4 KDMs that target distinct H3K4 methylation states (Fig. 2) . These are the Lysinespecific demethylase 1 (Lsd1/KDM1)-relatives, which only can demethylate H3K4me2, and the Jumonji/AT-RichInteractive Domain 1 (JARID1/ KDM5)-proteins that also turn over H3K4me3. 19, 20 Studies in Drosophila showed that JARID1 and Lsd1 interact in global H3K4 demethylation, indicating that JARID1 generates H3K4me2 or H3K4me1 that is further demethylated by Lsd1. 21 The same study also showed that JARID1 prevented the silencing of expressed genes by Lsd1. This suggests that JARID1-relatives counteract Lsd1-dependent H3K4 demethylation at transcribed genes. A likely explanation is that JARID1-relatives assemble into distinct complexes with roles in gene silencing vs. transcription. Considering that H3K4me2 and H3K4me1 are found downstream of promoters of expressed genes, JARID1 could be responsible for these factors is believed to have activating function, and the interaction between the FY-rich domains tethers the two fragments into one complex. Unexpectedly, the N-terminal fragment of Trx was found in chromatin domains lacking H3K4 methylation or the Trx-CT. In these domains, CBP introduces H3K27 acetylation. CBP requires Trx-NT for its KAT activity, supporting that the N-termini of Trx/MLL1-relatives are utilized for the targeting of other chromatin modifiers. 18 Members of the Trr/MLL3/-4 subfamily lack the protease cleavage site, suggesting that their regulation and chromatin distribution are less complex. In this context, it is tempting to speculate that the separation of Trr and LPT generates a more potent KMT and enables LPT to interact with other factors. H3K4me1 is predominant at early developmental enhancers, and our studies identified Trr as major H3K4 monomethyltransferase.
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Since early embryogenesis progresses very rapidly in flies, they might require highly active H3K4-monomethyltransferases compared with mammals. This is consistent with our findings that the SET domain of Trr has robust KMT activity in vitro. 11 Despite the implications of the MLLrelatives in developmental gene regulation and leukemogenesis, their complex chromatin roles are still mostly obscure. Considering the high degree of structural conservation between mammals and flies, a combination of proteomic and genomic studies in less complex models Trr-relatives as potential candidates for KMT2s with roles in these regions.
cIFM studies confirmed that dSet1 nearly fully overlapped with transcribing RNA polymerase II on chromosomes. Only few of these regions were also positive for Trr or Trx, indicating that these might function in parallel at some expressed genes. Detailed genome-wide studies combined with functional assays should provide much needed insights into the overlapping and unique target genes of each of the three KMT2s in flies.
Differential chromatin targeting by KMT2s. Members of the Set1 subfamily do not contain any effector domains that could contribute to their chromatin targeting, but share a RNA recognition motif (RMM), which is essential for their KMT activity. 13 It is still unclear how far RNA binding affects the KMT activity of these enzymes. By contrast, the members of other two subfamilies share domains in their N-termini, which are likely to contribute to their chromatin distribution and function (Fig. 1B) . 11 Common for these factors are tandem repeats of plant homeodomain (PHD) or related zinc fingers. An exception appears to be Trr, which lacks these domains; however, recent studies identified an interaction partner of Trr with high homology to the N-terminus of MLL3/-4 (Fig. 1B) . 15 The protein was called Lost PHDs of Trr (LPT). Although this underscores the importance of the N-terminal tandem zinc fingers in these factors, a comprehensive analysis of their effector functions has not yet been conducted.
Certain PHDs can cage methyl-groups at H3K4 via aromatic amino acids, but most PHDs in the MLL-relatives do not contain such residues in critical positions. Recent studies, however, showed that tandem PHDs can bind to acetylated histones. 16 Intriguingly, MLL1 and MLL2 contain a bromodomain, which also has a well-established role in acetyl-histone binding. In fact, Trx/MLL1-relatives interact with the histone lysine acetyltransferase (KAT), CBP, but in a rather unexpected context. 17 Trx/MLL1-type factors contain a protease cleavage site that is flanked by FY-rich N-and C-terminal domains. The proteolytic cleavage of Drosophila, which only possesses one prototypic KMT2 for each subfamily.
H3.3K4me3 is likely to have an underappreciated role in coordinating nucleosome eviction and RNAP II release into elongation (Fig. 2) . 4 Besides its contribution to transcription upregulation and maintenance at transcribed genes, methyl-H3K4-effectors also associate with repressive complexes including histone deacetylases (HDACs) 25 or JARID1-type KDMs (Fig. 2) . This suggests that H3K4 methylation functions in concert with other chromatin modifications in a context-dependent modulation of transcription responses. The underlying mechanisms are mostly obscure.
Implications for H3K4me3 in homologous recombination. Mammals possess a un-typical H3K4 KMT, PRDM9, which only trimethylates H3K4. 26 In contrast to other KMT2s, the protein has a central SET domain and 12 C-terminal zinc fingers that bind to DNA. PRDM9 is only expressed in gonads and introduces H3K4me3 at so-called meiotic 'hot spots', which correspond to sites that are used in higher frequency for meiotic homologous recombination (HR). In yeast, Set1 is also required for meiotic hot spots, suggesting a conserved role for H3K4me3 in meiotic DNA doublestrand break (DSB) formation. 27 Recent studies, however, indicated that DSB repair also requires H3K4me3. 28, 29 For instance, the mammalian V(D)J recombinase contains a methyl-H3K4-binding PHD, and H3K4me3 stimulates its activity. 30 This suggests that methyl-H3K4-effectors might assemble with repair factors into specialized complexes regulating DSB repair by HR. Remarkably, the disruption of many transcriptionlinked chromatin complexes with affinity to methyl-H3K4 also affects DSB repair. It therefore is also quite likely that H3K4 methylation is targeted by the same effectors that mediate nucleosome mobilization at promoters.
Epilogue. Despite its well-known role at promoters, H3K4 methylation has poorly understood and more complex roles in other chromatin regions. Considering its implications in cancer and developmental disorders, a careful functional dissection of the three metazoan KMT2 subfamilies should provide much needed insights. A good model for such studies is the partial demethylation of H3K4 in these regions. The further demethylation by Lsd1 complexes is then prevented by factors that can specifically bind to H3K4me2 or H3K4me1. While repressive JARID1 complexes from flies and humans have been characterized, complexes with positive roles in transcription and the ability to generate and bind to H3K4me2 have not yet been identified.
Roles of H3K4 methylation in transcription. Obviously, the addition of methyl groups to H3K4 is not expected to have a direct impact on nucleosome stability. Therefore, methyl-H3K4 binders and their associated chromatin modifiers are likely to regulate changes in nucleosome stability. In fact, many complexes containing methyl-H3K4-specific effectors are implicated in transcription (Fig. 2) . These include KATs, ATP-dependent chromatin remodelers, TFIID and others. 13 Consequently, H3K4me3 has been proposed to contribute to transcription initiation or elongation. H3K4me3 was also found on mitotic chromosomes, leading to the proposal that it confers transcription 'memory' by re-establishing transcription programs in daughter cells after completion of mitosis. 12 Recent studies showed that loss of H3K4me3 did not affect gene re-activation per se, but caused defects in transcription rates and strength. 22 Therefore, H3K4me3 might function as transcription 'booster' by promoting RNAP II loading onto promoters or its release into elongation. We found that the loss of H3K4me3 causes the retention of RNAP II at promoters of developmental and stress genes expressed genes and stalls their upregulation. 11 In fact, dSet1 is continuously exchanged at transcription puffs suggesting that K4-methylated H3 is turned over during transcription cycles in a rate-dependent manner.
11 Intriguingly, K4 methylation mainly occurs at the H3 variant, H3.3, which is known to be rapidly exchanged at highly expressed genes. 23 H3.3-containing nucleosomes at promoters of expressed genes are particularly unstable due to hyperacetylation and ATP-dependent H2A variant incorporation. 24 Considering that KATs and chromatin remodelers with roles in nucleosome destabilization at promoters contain methyl-H3K4-binders,
